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Abstract: Water availability plays an important role in the expansion planning of utility-scale solar
power plants, especially in the arid regions of the Middle East and North Africa. Although these
power plants usually account for only a small fraction of local water demand, competition for water
resources between communities, farmers, companies, and power suppliers is already emerging
and is likely to intensify in future. Despite this, to date there has been a lack of comprehensive
studies analyzing interdependencies and potential conflicts between energy and water at local
level. This study addresses this research gap and examines the linkages between water resources
and energy technologies at local level based on a case study conducted in Ouarzazate, Morocco,
where one of the largest solar power complexes in the world was recently completed. To better
understand the challenges faced by the region in light of increased water demand and diminishing
water supply, a mixed-method research design was applied to integrate the knowledge of local
stakeholders through a series of workshops. In a first step, regional socio-economic water demand
scenarios were developed and, in a second step, water saving measures to avoid critical development
pathways were systematically evaluated using a participatory multi-criteria evaluation approach.
The results are a set of water demand scenarios for the region and a preferential ranking of water
saving measures that could be drawn upon to support decision-making relating to energy and water
development in the region.
Keywords: water-energy nexus; participatory scenario development; stakeholder engagement;
multi-criteria analysis; Morocco; solar energy; water saving measures
1. Introduction
Water is becoming an increasingly scarce resource. This can affect the development of
all sectors, including the energy sector, while at the same time the energy sector and other
sectors can also contribute to intensifying water stress in certain regions [1]. These types
of complex interdependencies, trade-offs, and synergies are commonly referred to as the
water-energy nexus. In electricity generation, thermal power plants using fossil fuels are
particularly water-intensive, but renewable power plants also require water to a certain
extent [2,3]. In particular, thermal technologies like Concentrating Solar Power (CSP) can
require significant amounts of water, depending on the cooling technology applied [4,5].
This leads to the dichotomy that in arid regions, which are also generally those regions
with the highest solar energy potential, water can potentially become a limiting factor for
the expansion of solar technology.
Sustainability 2021, 13, 108. https://dx.doi.org/10.3390/su13010108 https://www.mdpi.com/journal/sustainability
Sustainability 2021, 13, 108 2 of 23
This paper therefore analyses how existing local water demand and new water de-
mand for solar power at the local level in the MENA region are linked today and in the
future, and what measures might be considered to conserve water. Particularly in arid
areas in the Middle East and North Africa (MENA), water availability plays an important
role in the expansion planning of utility-scale solar power plants [6,7]. Although power
plants might account for only a very small fraction of the local water demand, competition
for water with other sectors is expected to increase when the water resources are not
sufficient to meet the local demand [8]. This can cause conflicts between different users
(such as municipalities, farmers, tourism, businesses, and energy providers), which is
already evident today, In addition to already scarce water resources, many MENA coun-
tries are experiencing increasing water demand due to economic development and high
population growth. This situation is further exacerbated by the negative impacts of climate
change—such as reduced precipitation and high temperatures—especially in areas already
classified as arid [9,10].
Though the water-energy nexus is increasingly being addressed, there is a lack of
comprehensive studies that analyze the interdependencies and potential conflicts between
energy and water at the local level [11,12]. The focus of discussions and applications of
the water-energy nexus has mainly been at national or global level, examining macro level
driving forces, material flows, and major infrastructure developments. This approach has
neglected the fact that the major challenges faced within the nexus must be addressed
at the local level [13]. Water, energy, and food are of great importance for securing local
livelihoods [12] especially in rural areas in developing and emerging countries. Only by
translating the global level debate into local practice can development challenges be met.
This is also true for research into the MENA region, where there are only a limited num-
ber of applications of the water-energy nexus concept [14] and those that do exist mainly
focus on national or meta level analysis. Siddiqi and Anadon [15], for example, quantified
the water requirements of the energy sector and the energy requirements of the water sector
at national level for 20 MENA countries. Al-Saidi et al. [16] provide water vulnerability
profiles at country level considering the links to the energy sector, while Hoff et al. [14]
compare five water-energy-food nexus case studies from the MENA region at the meta
level. Other studies focus on country level analysis: for example, Rambo et al. [17] an-
alyze the nexus in Saudi Arabia; Al-Saidi et al. [16] summarize nexus facts for Egypt;
Al-Masri et al. [17] explore water-energy nexus policies and governance aspects in Jordan;
and Terrapon-Pfaff et al. [18] focus on water-related challenges for the Iranian power sector.
However, evidence from practical applications of the water-energy nexus concept at local
level are limited—despite the fact that, according to Hoff et al. [14], the operationalization
of the nexus approach could be particularly beneficial in the MENA region in light of the
challenge the countries face with regard to energy, land, and water aspects.
To address this research gap, the present study applies an innovative participatory
approach to examine the linkages between water resources and energy technologies at
local level for a case study conducted in Ouarzazate, Morocco. This is a region severely
affected by a declining water supply; it is also the location of the recent construction of
one of the world’s largest solar power plant complexes, NOORo. The study is therewith
among the first to apply the nexus concept at local level in the MENA region that includes
not only the resource layer but also the political, social, and economic layers. Furthermore,
the applied multi-method research design advances the water-energy nexus research by
integrating local knowledge and spatio–temporal dynamics. In this regard the detailed
objectives of this study are as follows: (a) to identify the key factors influencing local water
demand; (b) to develop socio-economic scenarios in collaboration with local stakeholders
to determine potential future water demand; and (c) to identify and evaluate water saving
measures in the energy sector and other sectors against a set of sustainability criteria,
integrating the preferences of local stakeholders. The results are a set of measures to
mitigate critical developments outlined in the scenarios that reach a high level of consensus
among the stakeholders.
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The paper is structured as follows: Section 2 outlines the case study details, followed
in Section 3 by a detailed description of the research approach and the methods applied.
The analysis and results are presented in Section 4. Finally, in Section 5, the results are
discussed and concluding remarks are presented.
2. Case Study
The case study region, the Middle Drâa Valley, is located in the Ouarzazate and
Zagora provinces in South-Eastern Morocco. This is one of the driest areas in Morocco and
the catchment of the Drâa river is among the driest catchments worldwide. The average
rainfall in the region is around 200 mm/year in the north and 30 mm/year in the south [19],
compared to an average rainfall of 346 mm/year in Morocco [20]. Accordingly, the water
availability, with around 360 m3 per head and year, is far below the internationally specified
critical limit of 1000 m3 per head and year. Moreover, simulations show that the water
supply in the area could be further reduced due to the negative effects of climate change.
Specifically, it is expected that the already sporadic and variable levels of precipitation will
be further reduced and the temperature will rise [21]. This would severely affect water
availability from the main water source, the El Mansour Eddahbi reservoir. The reservoir
is the supply line for local agriculture in the Middle Drâa Valley, the primary livelihood
sector in the provinces of Ouarzazate and Zagora. The main crops grown in the region
are cereals, date palms, alfalfa, henna, olives, and other arboreal species, with increasing
numbers of watermelons in recent years [22,23]. As well as the agricultural and residential
sectors, the newly completed solar power complex NOORo also sources its water from
the El Mansour Eddahbi reservoir. The arid environment and high solar radiation provide
ideal conditions for one of the largest solar complexes worldwide, which has a total
capacity of around 580 MWp. The complex, which was completed in 2019, consists of four
power plants, three CSP blocks (of which two are parabolic trough systems (NOORo I
& II) and one is a solar tower (NOORo III)) and a solar photovoltaic plant (NOORo IV).
The development of the Ouarzazate solar complex is part of the Moroccan solar plan, which
aims to expand the national solar capacity to 2000 MWp by 2020 [24]. CSP technologies
can require significant amounts of water, depending on the cooling technology applied.
While NOORo II and III were designed to use dry cooling technologies needing only small
volumes of water, NOORo I uses a wet cooling system with significant water requirements.
However, the solar power plant’s water demand is currently marginal, drawing only
about 0.8% of the reservoir’s water compared to the 96% used for agriculture, 2.2% for the
residential sector in Ouarzazate, and 0.9% for the tourism sector (own calculations based
on [19,25–27]. However, with the capacity of the reservoir declining and in light of the
expected negative effects of climate change on the water supply, the power plant’s water
demand could become critical. On one hand, the power plant could be negatively affected
by water shortages in drought years, while, on the other hand, competition for water
resources between municipalities, farmers, businesses, and power suppliers could emerge.
3. Research Approach and Methods
To achieve the research objectives described in Section 1, a participatory assessment
approach in combination with multiple systems analysis methods was chosen, as described
in this section.
3.1. Research Approach
Various approaches and methods from different disciplines are used in the field of
water-energy and food nexus research, most of which are quantitative [28]. In line with
the demand for more local and community level nexus analysis, there has also been a
call for more diversified, qualitative, and participatory research designs. In their review
of nexus approaches and methods, Albrecht et al. [28] (2018) recommend, for example,
applying participatory approaches and mixed methods that combine quantitative and
qualitative methods in order to account for both the physical and social dimension of the
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nexus. Likewise, de Strasser et al. [29] describe participation in the nexus analysis as a
key pillar and Mohtar and Lawford [30] call for the wider engagement of stakeholders to
strengthen the nexus practice.
Besides the fact that when working at the local and community-level those affected by
and affecting the water-energy nexus should be involved in the discussions and analysis of
their environment and their future, stakeholder engagement also unearths wider sources
of knowledge and, consequently, the potential for better research results [28]. Taking the
perceptions and assessments of local stakeholders into account can, for example, support a
broader and deeper understanding of the decision-making context [31]. As well as these
methodological advantages for research design and output, participatory approaches can
also help to provide stakeholders with a better understanding of the complexity of the
water-energy nexus and to clarify their priorities and expectations, resulting in better
decision-making based on negotiation and stakeholder buy-in [32].
In this study, in order to involve local stakeholders two workshops were conducted in
the case study region of the Middle Drâa Valley in April and December 2018. Up to 30 stake-
holders, representing local farmers, civil society groups, and local and regional adminis-
trations, were invited to both workshops. Participants included representatives from the
high commission for water and forests, province council, electricity supplier, hydrological
agency, meteorological service, provincial delegation of energy and mines, agricultural
associations from the different oases, and the agricultural chamber, as well as from local
NGOs, representatives of youth and women groups.
The objective of the first workshop was to develop socio-economic water demand
scenarios for the Middle Drâa Valley in collaboration with the local stakeholders. In the
second workshop, the aim was to discuss water conservation measures to avoid critical
water demand developments and evaluate the measures against selected criteria. Figure 1
gives an overview of the applied methods and the participation of stakeholders in the
different steps. Both the methods and participatory elements are described in more detail
in Section 3.2.
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Figure 1. Overview of the research approach and stakeholder participation.
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3.2. Methods
3.2.1. System Mapping
Complex interlinkages exist between the water, energy, and agricultural systems in
the Middle Drâa Valley case study region. To explore and understand these complex
interlinkages, a system thinking approach was applied in the form of system mapping.
Developing a system map allows for the integration of different system elements in an
analytical manner by mapping key elements of the subsystems and visualizing their
interdependencies [33]. Furthermore, a system map allows the whole picture to be seen
and for key factors that are likely to influence the future development of the local water
demand to be identified [34,35]. The system mapping in this case is based on a detailed
literature review, followed by a mapping exercise by the research team and validation by
local stakeholders at the first workshop. The system mapping exercise consisted of five
steps: (1) identifying factors, processes, and functions; (2) discussing individual system
elements; (3) establishing links between the system elements; (4) discussing these links;
and (5) validating the draft system map created in the system mapping exercise against
information from the literature review. The links between different elements are defined as
having an increasing or decreasing influence on the relevant variables. The system map
developed here is the starting point for the following scenario development process.
3.2.2. Participatory Scenario Development
Participatory scenario development describes an approach that explores potential
future developments in conjunction with stakeholders [36]. Applying participatory ap-
proaches allows the views of stakeholders and the specific local context to be taken into ac-
count, which improves the quality and relevance of scenarios [37]. Furthermore, the involve-
ment of stakeholders can be empowering and increases the acceptance of results [38,39].
However, to date only a limited number of scenario studies have involved stakeholders to a
meaningful extent [40]. Accordingly, several authors have called for the wider engagement
of stakeholders; the people whose futures are under discussion should also contribute to the
scenario development process [37,40,41]. Therefore, in this study we involved stakeholders
in several steps of the qualitative scenario development process.
The qualitative scenario development process comprises different consecutive steps.
It starts with the definition of the scenario field, followed by the identification of key
factors, the analysis of these factors, and finally the drafting and elaboration of the scenario
storylines [42]. Based on the system mapping in our study, the scenario field and a first list
of key factors were identified. Key factors are those that have an influence on the future
(ibid) and, in this specific case, those that have an influence on the development of water
demand in the Middle Draâ Valley region. In a first step, the key factors were prioritized
based on their impact on the development of water demand and the uncertainty of these
developments. The factors with a high impact and a high uncertainty are the relevant
ones for the scenario designs [37]. After the identification of the six most relevant factors,
at least two variations of the future characteristics of these key factors were determined.
These variations represent the conceivable different developments of these factors in the
period up to 2030 (and potentially 2050). In the next step, the possible variations of the key
factors were arranged in consistent clusters, forming the basic structure of the draft scenario
storylines [42]. This stakeholder workshop process resulted in three scenario storylines for
socio-economic development in the region that would impact on future water demand.
3.2.3. Water Demand and Supply Modelling
Following the workshop, the qualitative scenario storylines developed by the local
stakeholders were underpinned and fleshed out with details and data to quantify the water
demand associated with the socio-economic developments described. Water Evaluation
and Planning System (WEAP) software was then used by the authors as an allocation tool to
model future water supply and demand based on the developed socio-economic scenarios.
WEAP’s integrated approach allows for the simulation of water demand-side patterns
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(such as water use, efficiencies, and consumption for energy generation) and the supply-
side for a specific region under certain assumptions (such as climate change). In this study,
water supply is modelled under the Representative Concentration Pathway 8.5 (RCP 8.5)
climate scenario, which is a high emission business-as-usual scenario. Based on the results,
in the next step water conservation measures with the potential to help avoid critical
scenario developments were discussed and evaluated with the local stakeholders.
3.2.4. Participatory Multi-Criteria Analysis (MCA)
Strategic decisions on water conservation measures affect multiple actors and require
the consideration of a range of technical, environmental, social, and economic issues.
In order to incorporate these diverse dimensions and the stakeholders’ interests and
perspectives, in this study a participatory multi-criteria analysis approach (MCA) was
applied. The approach is based on the quantitative principles of multi-criteria decision
analysis in combination with participatory elements, which are integrated in the overall
structure of the MCA process. MCA methods have been widely applied in renewable
energy planning and provide an analytical framework that helps to structure the decision-
making process and enhance transparency [43–45].
Defining Evaluation Criteria and Stakeholder Preferences
Following a value-based thinking approach, in a first step the criteria for evaluating
water conservation measures were discussed and weighted with the local stakeholders
during the second workshop. The original set of criteria was based on a literature review
and reflection on system mapping and the key factors identified in the scenario develop-
ment process. During the discussion, this set of criteria was supplemented by suggestions
from local stakeholders to reflect the objectives and values of local stakeholders. The final
criteria set comprises social, economic, environmental, and technical decision dimensions
(Table 1).
Table 1. Criteria set.
Category Criterion Short Description
Environment
C1 Water savings
This criterion estimates the amount of water that could potentially be saved
(through both conservation and efficiency measures) by the chosen alternative
if implemented on a large scale. The higher the potential, the more
preferable the option.
C2 Water quality
This criterion refers to the estimated impact on water quality by the chosen
alternative—the ability of the option to improve water quality. The higher the
potential, the more preferable the option.
C3 Sustainability ofwater use
This criterion takes the different sustainability degrees of each alternative into
account. In particular, the alternatives that do not involve groundwater
overexploitation but favor the use of renewable water resources are preferred.
Technology C4 Technical andoperational suitability
This criterion is related to the suitability of the technology or political
instrument for implementation in the Middle Drâa Valley. The higher the
suitability (feasibility and viability), the more preferable the option.
Economic
C5 Investment cost This criterion corresponds to the estimated initial investment for implementingan alternative. The lower the cost, the more preferable the option.
C6 Operation &maintenance costs
This criterion captures the on-going expenses that a measure entails; for
example, for maintenance. The lower the cost, the more preferable the option.
C7 Economic benefit
This criterion measures the on-going beneficial effects of the measure; for
example, through profits from the export of cash crops or money saved
through reduced water consumption.
Social C8 Social acceptance
This criterion estimates the level of social acceptance and willingness of the
local community to support the chosen alternative—also based on its
compatibility with traditional practices.
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After the validation of the criteria set, four weighting sets were established, repre-
senting the different priorities and preferences of the three stakeholder groups, as well as
an average weighting across all stakeholder groups. The weightings determine the relative
importance of the criteria [46]. To determine the weightings, a combination of ranking
and rating approaches [46,47] were applied in the workshop. This approach was chosen
because these are the simplest and most intuitive weighting methods, which took into
consideration the fact that the local stakeholders were not familiar with the MCA method.
Identifying Water Conservation Measures
In the next step, the set of measures to address water challenges in the Middle Drâa
Valley (Table 2) were discussed with the stakeholders to validate their suitability and
feasibility in the local context. Following the discussion, the water conservation measures
were evaluated by the local stakeholders against the context-specific criteria aspects—such
as social acceptance, compatibility with traditional practices, and cultural barriers.
Table 2. Water saving measures.
Category Measure Short Description
Water conservation
measures
M1 Crop choice This measure simulates a change in cropping patterns towardsless water-intensive crops (e.g., arboriculture).
M2 Irrigation practice
This measure describes the change in irrigation patterns from




M3 Irrigation efficiency This measure assumes an improvement in irrigation efficiency byapplying drip irrigation.
M4 Conveyance efficiency
This measure covers improvements in conveyance efficiency from
current open channel networks (60% efficiency) to lined channels
(80% efficiency) or pipes (95% efficiency).
M5 Precision agriculture
This measure covers the implementation of precision agriculture
on a large scale, increasing water efficiency in the agricultural
sector from the current relatively low levels.
M6 Desalination
This measure aims to install desalination units as the high salinity
levels of the water in the Drâa Valley is hindering agricultural
production. Desalinated water can be used for irrigation to
improve water productivity or as drinking water.
M7 Wastewater treatment This measure describes the re-use of treated wastewater asalternative source of irrigation and drinking water.
M8 Rainwater harvest This measure covers the harvest of rainwater for irrigationpurposes and as a domestic water source.
M9 Water savings in urbanhouseholds
This measure assumes water savings in the growing urban
population by installing water saving appliances.
M10 Water savings in thetourism sector




M11 Aligning national water &agricultural strategies
This measure aims to eliminate inconsistencies and contradictions
between the “Plan Maroc Vert” and the national water policies.
M12 Regulatory interventions
This measure designates regulatory changes to either legally limit
the cultivation of water-intensive crops or provide subsidies for
the cultivation of less water-intensive crops.
M13 Information campaign
This measure aims to provide more information and increase
knowledge about water saving technologies to allow users to
make informed decisions regarding investments in technologies.
M14 Conservation-orientedwater charges
This measure aims to introduce water charges to reduce water
use in agriculture.
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Table 2. Cont.
Category Measure Short Description
Technical measures:
solar power plant
T1 Conversion of NOORo 1to wet/dry hybrid
This measure simulates the introduction of novel hybrid dry/wet
cooling technology, which could save up to 80% of water
compared to wet only cooling without
compromising performance.
T2 Reducing cleaning waterconsumption NOORo I-IV
This measure covers the optimized cleaning schedules and






This measure describes the maximum reduction of water
consumption in the solar power plant through the application of
the latest technological innovations in both cooling and cleaning,
as well as an additional reduction through the internal
re-use of water.
Evaluation of Water Conservation Measures
After the workshop, the decision matrix was established. To identify the preferred
water conservation measures based on the decision matrix, the MCA calculation was made
using a simple additive weighting (SAW) approach [48]. The SAW approach uses addition
and multiplication to obtain a total value for each alternative: in this case the water conser-
vation measures. The alternative with the highest value is considered the best alternative
(ibid). This procedure was followed by a sensitivity analysis to ensure robustness of the
results. The results rank the water saving measures according to stakeholder preferences.
4. Analysis and Results
4.1. Systems Analysis
In order to identify the key factors that influence future water demand and supply in
the Middle Drâa Valley, the complex interlinkages between the surface and groundwater
systems and the energy, agricultural, economic, and residential sectors were mapped
(Figure 2). As illustrated in the system map, water in the Middle Drâa Valley is mainly
drawn from the El Mansour Eddahbi reservoir. The new solar power plant NOORo also
draws its water from this reservoir. The town of Ouarzazate additionally receives drinking
water from the Tiouine reservoir, which was completed in 2013. Wastewater from the
residential sector in the city of Ouarzazate is currently partially treated by a newly built
treatment plant. The treated wastewater is used to irrigate trees planted in a green belt
around the city to combat desertification [49].
The El Mansour reservoir is mainly fed by the river Dadès, which springs from
the high Atlas Mountains. However, the storage capacity of the reservoir is constantly
reducing due to sedimentation (from 560 million m3 in 1972 to about 390 million m3
today) [50]. At the same time, a decrease in precipitation reduces the recharge of surface
water and rising temperatures increase evaporation rates, thereby reducing the amount of
available water [37]. The river Drâa, which supplies the downstream oases, flows from the
El Mansour Eddahbi reservoir. The water downstream is nearly all used by the agricultural
sector. Water used in households and businesses in the downstream oases towns and
villages is sourced from six groundwater aquifers. Infiltration from the riverbed and
rainfall recharge these groundwater aquifers. However, the increasing use of groundwater
for irrigation has already led to the exhaustion of groundwater sources and an increase in
soil salination [51].
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Given the complex inter-relationships between the agricultural sector and the water
supply and demand (as shown in the system map) and with the agricultural sector as the
main consumer of water, the most important links influencing future water demand can
also be assigned to this sector. Other key factors shown in the system map that influence
future water demand are linked to social and economic development in the urban and
rural areas. Further aspects not explicitly shown in the system map, but which can in-
fluence the different elements of the system and, consequently, future water supply and
demand structures, include changes in the political framework conditions and potential
infrastructure development like the construction of access roads or further dams. These crit-
ical links and their potential development trajectories are examined in more detail in the
following section.
4.2. Socio-Economic Water Demand Scenarios in the Middle Drâa Valley
As described in Section 2, the catchment area of the river Drâa is one of the driest
catchment areas worldwide and the water supply is expected to further diminish due to the
negative effects of climate change [21]. In order to determine whether, and if, the reduced
water availability will lead to increased water shortages also depends on water demand.
The water demand in the base year 2011 is estimated to be about 306 million m3 per year.
How this figure will develop in the future is uncertain and strongly depends on develop-
ments in the agricultural, residential, tourism, and energy sectors. While information is
available on the water demand of the energy sector (i.e., the power plant NOORo), devel-
opments up to 2030 in the other relevant sectors are considered uncertain. The scenarios
developed in conjunction with local stakeholders in this study aim to bridge this gap.
The critical factors influencing future water demand, derived from the system map
and prioritized together with the local stakeholders, include for the agricultural develop-
ment: extent of cultivated area, choice of crop type, share of irrigation with groundwater,
irrigation efficiency, livestock numbers, and water quality. Key social development factors
that can potentially influence water demand are population development in both oases
and urban areas and lifestyle changes. Lifestyle changes due to economic development
could result in both water and electricity use increases especially as the current per capita
water use in the region is very low (see Section 2). Likewise, developments in the local
tourism and industry sectors could affect the water demand. Equally, expansion in the
transport infrastructure, which would improve the connectivity of the region with the
coastal markets, could lead to an increase in water-intensive export crop production. Sim-
ilarly, regulations, subsidies, or other types of support programs could influence future
water demand in either direction. Of these different factors, cultivated area, choice of crop
types, irrigation with groundwater, water quality, population development, and tourism
sector development were identified by the local stakeholders as the most relevant for water
demand up to 2030. By linking the potential development trajectories of these factors, three
scenario narratives were drafted during the first workshop: one business-as-usual scenario
(S1: BAU) and two more extreme but possible scenarios, describing on the one hand an
economic development scenario associated with the overexploitation of water resources
(S2: Economic growth first) and, on the other hand, a development in the direction of
sustainability (S3: Growing sustainability). The drafted scenario storylines were further
developed into three consistent narratives underpinned with quantitative details and data
points (Appendix B) to quantify the future water demand and water supply implications
associated with the three scenario narratives.
The water demand of these socio-economic scenarios in combination with the water de-
mand of the solar power plant NOORo was modelled using WEAP software
(modelling parameters are detailed in Appendix B). The results of the modelling are
illustrated in Figure 3.
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In terms of water supply, the simulation shows a general negative trend due to changes
i pr cipitation p tt n , discharge reduction, and sedimentation levels in the Mansour
Eddahbi reservoir, which are in line with the assumptions made on climate change in
the RCP 8.5 scenario. For the first half of the first model decade the Mansour Eddahbi
reservoir storage level is low due to a simulated drought. Following two unusually wet
years, the storage volume refills and the peak enables the reservoirs to recover. However,
in the second modelled decade the st rage levels cannot be maintained and the simulated
sequence of two dry to very dry years results in very low reservoir storage levels.
In terms of water demand, Figure 3 shows a steady increase up to 2030 for the sce-
narios S1—“BAU” and S2—“Economic growth first”. While the increase in S1 is moderate
(an increase of about 7% compared to the base year 2011), S2 shows a significant in-
crease in water demand (an increase of about 27% between 2011 and 2030). In contrast,
S3—“Growing sustainability” indicates a decrease in water demand (of about 31% by 2030).
Comparing the developments of S2 and S3, the difference in annual water demand in 2030
amounts to up to 177 m3, which corresponds to 58% of water demand in the base year 2011.
In considering the water demand in the scenarios in relation to the development of
water availability i the m in water s rce, the Mansour Eddahbi reservoir, it is clear
that none of the scenarios show water demand being met in drought years. However,
in the case of S3—“Growing sustainability”, water demand can be met in most of the
modelled years, while for S2—“Economic growth first”, water demand cannot be met in
most of the modelled years. For S1—“BAU”, water demand can be met in most modelled
years but the frequency of years with insufficient water availability increases at the end
of the period modelled. The results show that even a transition towards sustainability,
as illustrated in S3, cannot prevent water shortages in drought years—but it still offers the
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possibility of meeting the socio-economic water needs and NOORo power plant demand
in most years. The pure economic development scenario S2 proves to be unsustainable
after just a few years, as water resources are rapidly exhausted. Although these scenarios
and their quantification are based on a number of assumptions and are, therefore, subject
to a range of uncertainties, the overall direction of the water demand developments is
clear. Despite the apparent long-term inevitability of water scarcity in the region, measures
should be taken to counteract the critical scenario developments at least partially.
4.3. Multi-Criteria Assessment of Water Conservation Measures
The objectives of implementing water saving measures are primarily to combat water
scarcity and water stress and to protect surface and groundwater bodies in order to increase
water security and enable sustainable agriculture and rural development. To reach these ob-
jectives, as many water saving measures as possible must be implemented to mitigate—at
least partially—the expected negative developments described by the scenarios. However,
implementing these measures requires different stakeholders to become active, either,
for example, by changing their habits, making investments, designing regulations, or build-
ing capacity. Not all water saving measures are equally effective and feasible and different
stakeholders might differ in their preferences for certain measures. Therefore, to decide
where to begin the process towards greater resilience against water scarcity, the most viable
and preferred water saving measures for different stakeholder groups should be deter-
mined. To this end, the different water saving measures (Table 2) were evaluated against
the set of criteria (Table 1), applying different weighting sets representing the attitudes
of different stakeholder groups (Table 3). This resulted in rankings of the different water
saving measures.
Table 3. Preference weightings.
Criteria Average Farmers Group Civil Society Group Local Administration
C1 Water savings 0.16 0.08 0.11 0.34
C2 Water quality 0.19 0.11 0.15 0.08
C3 Sustainability of water use 0.12 0.15 0.21 0.03
C4 Technical and operational suitability 0.11 0.05 0.05 0.21
C5 Investment cost 0.09 0.34 0.08 0.15
C6 Operation & maintenance costs 0.10 0.03 0.03 0.11
C7 Economic benefit 0.12 0.02 0.02 0.05
C8 Social acceptance 0.12 0.21 0.34 0.02
Sum 1 1 1 1
The preferences of the three stakeholder groups established during the second work-
shop in the form of criteria weightings show significant variations (Table 3. The group
of farmers highlighted investment costs (C5) as the most important criterion to evaluate
water saving measures, followed by social acceptance (C8). In terms of environmental
criteria, water savings (C1) were less important to the farmers than the sustainability of
water use (C3) and water quality (C2). Economic benefit (C7) was the criterion assigned the
lowest weighting by this group. Unlike the farmers, the stakeholders from local administra-
tion considered water savings (C1) as the most important criterion, followed by technical
and operational suitability (C4) and investment (C5), as well as operational costs (C6).
Sustainability of water use (C3) and social acceptance (C8) were only marginally relevant to
the administrative stakeholders. In contrast, for the civil society representatives, social ac-
ceptance (C8) was the most important criterion. They also assigned high weightings to
the environmental criteria: sustainability of water use (C3), water quality (C2), and water
savings (C1). They perceived the economic criteria, including costs and other economic
benefits, as less important. In addition to these three sets of preference weightings reflecting
the stakeholders’ different priorities, an average weighting across all stakeholder groups
was established and incorporated into the multi-criteria assessment (MCA).
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The results of the MCA calculations for this average weighting of preferences (Figure 4)
show that the preferred options are water conservation measure M1, which describes
a change of cropping patterns towards less water-intensive crops (e.g., arboriculture),
and the efficiency measure M3, which aims to save water by improving irrigation efficiency.
Taking a closer look at the criteria scores, both alternatives perform particularly well in
the environmental criteria categories, including contribution to water savings, water qual-
ity, and sustainability of water use. However, neither option ranks highly in terms of
investment costs. Occupying third and fourth place, M4 (describing a change in irrigation
patterns from daytime to night-time) and M2 (focusing on improving conveyance efficiency
by changing from the current open earth channels networks to lined channels or pipes)
perform better. All these measures are directed at the agricultural sector, which is not
surprising as this sector uses the largest share of the available water resources. In contrast,
the technical alternatives for saving water in the NOORo solar power plant (T1—T3) are
the least preferred alternatives as in comparison to other alternatives these measures do
not make a large contribution to water savings and water quality in total, while being
at the same time very costly in terms of investment costs. Likewise, the alternatives M8
(harvest of rainwater for irrigation or domestic purposes) and M9 (water savings in urban
households) received lower scores, mainly because these alternatives produced much lower
water savings and water quality improvements than the other alternatives.
Whether and how the rankings of the water saving measures change when the three
different weighting sets for the respective stakeholder groups (farmers, civil society organi-
zations, and representatives of local administration) are applied is shown in Figure 4b–d.
When looking at these rankings, it becomes evident that the water saving measures M1 to
M4 are among the preferred alternatives for both the civil society group and the adminis-
trative stakeholder group. In the farmer group preferences, the ranking differs in terms
of M1 (change of cropping patterns) and M3 (improved irrigation efficiency), which do
not rank highly. However, M2 (irrigation practices) and M4 (conveyance efficiency) are in
the forefront positions like for the other weighting sets. Applying the farmers’ preference
weights, the other two water saving measures that also rank highly are M7 (wastewater
treatment) and M11 (benefits of aligning the national water and agricultural strategies
to achieve water savings). These alternatives score particularly well for the criterion of
investment costs—the most important criterion for the farmers group. The application
of the different preference weights emphasizes the fact that the recommendation for the
alternatives M2 and M4 is consistent even with different preferences, as they are ranked
within the top four in all cases.
To check the robustness of these results, a sensitivity analysis was conducted setting
C1 (water savings) as the most important criterion (50%) and setting the other criteria at
equal importance (7.14%). The result shows that measures M1 to M4 are again at the top
of the rankings. Only M2 does not perform as well as the other alternatives, but it still
ranks in fifth place after M5 (the implementation of precision agriculture on a large-scale).
The multi-criteria evaluation thus provides robust recommendations for water saving
measures, and the similar ranking results of the three stakeholder groups, despite their
different preferences, offers a solid basis for opening the discussion on ways to implement
water saving measures.
In terms of the implementation of the alternatives ranked highest across preference
weightings, it should be noted that the water saving measure that would save the most
water, M1 (change of crop choice), implies major changes in agricultural practices and its
implementation would require a longer time period. Measures that could be implemented
more quickly, but also require significant funds, are improvement of irrigation efficiency
(M3) and conveyance efficiency (M4). Improving irrigation efficiency by expanding the
implementation of more efficient drip irrigation systems is already part of the Moroccan
agricultural strategy (Plan Vert). However, according to statements from some local stake-
holders, small farmers find it challenging to apply for the support program. In comparison,
M2 (changing irrigation practices from daytime to night-time) could, in theory, be imple-
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mented more quickly without major costs. However, this measure would require changes
in traditional workflows, which might not be easily adopted by the local communities.
It should also be noted that there are barriers to the wide-scale introduction of all the
preferred measures—and that even the implementation of these measures would still only
be a starting point. To increase resilience against the expected negative developments
described by the scenarios, even those water saving measures at the bottom of the rankings
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5. Discussion and Conclusions
The study shows that water supply and demand developments prove to be the most
critical components in the analyzed nexus setting, with water ultimately becoming the
limiting factor for all other sectors. This is in line with the findings of Hoff et al. [14],
who showed that in case studies across the MENA region water scarcity was the dominant
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component of the nexus. Similarly, Siddiqi and Anadon’s findings [15] at national level
show that the share of water used by power systems in the MENA region is low compared
to other uses and energy is, therefore, generally not the determining factor. Yet, the power
plant itself could be affected by water shortages, as shown by the simulation of Ersoy
et al. [50] for potential solar power plants in the region of southern Morocco. The scenarios
developed in the present study in conjunction with the local stakeholders show that the
extent and frequency of these effects also depend on social and economic developments
and the associated water demand in other sectors. Comparable to Johannsen et al. [51],
who analyzed water demand under different land use scenarios, the results of this study
show that even with major changes towards sustainable water use in the Middle Drâa
Valley, the energy and agricultural sectors—and consequently local livelihoods—are likely
to be negatively affected by the diminishing water supply.
With regards to the methodological challenges of operationalizing the water-energy-
food (WEF) nexus at local level, the participatory approach and the application of both quan-
titative and qualitative methods allowed for comprehensive analysis, taking into account
both the resource and human dimensions of the nexus as called for by Albrecht et al. [28].
However, while the study delivers valuable insights, the research is subject to some limita-
tions. These limitations include the availability of data to quantify and model the water
demand scenarios and the water supply. The quantitative results must, therefore, be in-
terpreted with caution—for example, the years when droughts may occur or when water
demand cannot be met are potential developments but not predictions. Despite these
uncertainties, the overall trend shown in the results is clear: in the long term the demand
from the different sectors is unlikely to be met by currently available water supply sources.
This indicates that, in addition to the uncertainties with regard to the quantitative results,
another critical point is that even in the most ambitious socio-economic water demand
reduction scenario, severe water shortages cannot be prevented. This raises the question of
whether more radical scenarios should have been chosen. More radical scenarios could,
for example, include abandoning agriculture in the Middle Drâa Valley. However, the
scenarios in this study were developed in conjunction with local stakeholders and such
radical pathways were not anticipated by them in the near future: agriculture is the main
source of livelihood in the region and such extreme scenarios would imply significant
migration movements. Furthermore, such radical scenarios could have severe ecological
and socio-cultural implications for the oases that are beyond the boundaries of this study,
but further research should be conducted to investigate the impacts of such radical changes,
especially as this type of development cannot be ruled out.
A further aspect that could raise questions is the ranking of measures, as ultimately all
measures would have to be implemented to (at least partly) mitigate the expected negative
developments of water supply and demand described by the scenarios. However, the
implementation of all the measures simultaneously would be unrealistic for a number of
reasons including available investment capital, local community acceptance, and required
behavioral changes. Furthermore, the implementation of the measures would require the
coordination and support of different stakeholder groups. This could be enhanced by the
applied participatory multi-criteria-assessment approach, which was underlined by the
feedback from local stakeholders who stated that the exchange between stakeholders from
different sectors was a new experience for them and contributed to a better understanding
of the multi-layered topic and the different positions. The knowledge about possible
futures that emerges from this discourse could, therefore, potentially support decision-
making actions. In order to pave the way for the preferred water saving measures to be
implemented in a next step, further research and discussions with the local stakeholders on
governance strategies will be conducted. This further research is in line with the call of Hoff
et al. [14] that nexus analysis should go beyond mere identification of technical solutions—it
should also provide accompanying institutional and policy-relevant recommendations.
While the focus of this study relied on the water-energy nexus in the Middle Drâa
Valley in Morocco, the applied participatory approach to analyze the nexus at local level
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starting with system mapping, followed by scenario development and analysis and the
identification and evaluation of strategies or measures to avoid critical situations or trade-
offs, is not site-specific and could potentially be applied to other regions and other energy
technologies with site-specific and technology-specific amendments.
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Appendix A. Scenario Details
S1 Business-as-usual scenario (BAU): S1 assumes that there will be no significant
changes to current water use patterns in the agricultural sector and no major changes in
water use technologies. People’s priorities remain the same and no major policy changes
occur. For the agricultural sector, this scenario expects the cultivated area to remain constant
as water scarcity limits its expansion. In terms of crop cultivation, cash crop farming
(e.g., watermelons and vegetables) for export increases moderately but most farmers
continue to cultivate traditional crops. The overall water productivity in the agricultural
sector remains low, with average irrigation efficiency remaining constant. The use of
groundwater for irrigation and the number of groundwater pumps increase moderately and
livestock farming follows the current trend and continues to decrease, which contributes
to lowering livelihood security levels in the absence of alternative income generating
activities. Also following the current trend, water quality levels (which are already low) are
predicted to continue deteriorating up to 2030. With regards to demographics and social
development, it is assumed that migration from the region continues due to the lack of
employment and economic opportunities in the region. In the rural areas this leads to a
declining population, while population in the urban areas continues to increase slightly.
Lifestyles and associated water demand do not change significantly in the next decade.
In the tourism sector, the number of tourists stagnates, while water use per tourist remains
high. In terms of regulations, rural development programs, and subsidy schemes, the
current situation continues with the existence of supportive policies and programs—but
these are inaccessible to most of the population due to issues such as lack of funding,
questions of land rights, and limited technical know-how.
S2 Economic growth first scenario: S2 foresees an increasing use of the limited wa-
ter resources to foster rural development. The increase in cash crop production and the
implementation of modern farming technologies promise short-term economic benefits
but result in the overexploitation of water resources. In the agricultural sector, the ir-
rigated area is extended until water scarcity limits further expansion of the cultivated
area. In terms of crop types, a significant increase in cash crops for export (watermelons,
vegetables, and fruit) is expected. Overall water productivity increases in the agricultural
sector as irrigation efficiency increases through the significant extension of drip irrigation
systems. To meet the growing water demand for irrigation, the number of groundwater
pumps grows significantly, which leads to the overexploitation of groundwater resources.
Livestock farming, on the other hand, decreases with more farmers earning their income
from cash crops instead of from traditional livestock farming. In terms of water quality,
the high groundwater use leads to declining groundwater levels, which contributes to
increasing salinity of water for irrigation, water for drinking, and the soil. This further
reduces the quality of the drinking water (which is already low) in many areas of the
Middle Drâa Valley. The increased salinity also adversely affects the agricultural sector,
leading to even higher water demand for irrigation to leach salts past the plant root zone,
which ultimately results in decreasing yields. However, with employment and economic
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opportunities created in the region, migration from the area reduces whilst urban areas
continue to grow. In the oases, the current trend is reversed and they experience low but
steady growth. With an increase in farm income due to the cultivation of cash crops and
multiplier effects for the service sector, lifestyles slowly change, leading to an increase
in water consumption per capita. In the tourism sector, water use per tourist remains
high, while the number of tourists in the urban centers and oases increases and reverts
back to previous levels. Economic development in the agricultural and tourism sectors is
supported by corresponding policies and support programs.
S3 Growing sustainability: S3 simulates development within the sustainable limits
of the available water resources by applying various water conservation and efficiency
measures. The basis for such sustainable development is the strong commitment of the
local population to avert the looming water crisis. In the agricultural sector, the cultivated
area remains the same and there is a shift towards crops that use less water (such as ar-
boriculture or dry land crops). At the same time, the sector’s water productivity increases
significantly through the wide-scale application of drip irrigation technology, which re-
sults in higher irrigation efficiency levels compared to today. Groundwater extraction for
irrigation is limited to sustainable levels. Livestock remains an integrated part of farming,
with animals being used for the provision of fertilizer in the form of manure, for weed
control, and as a means of food security for small-scale farmers. However, the numbers
of animals are limited to a sustainable level, implying that no more than 15% of biomass
production should be used for fodder. With reduced groundwater use and lower evap-
oration levels due to conveyance efficiency measures, the salinity levels reduce and the
water quality slowly improves. Furthermore, wastewater treatment in the urban centers
is expanded. Migration from the region is reduced due to improved employment and
economic opportunities, urban areas continue to grow, and the oases display slow but
steady growth. Water consumption is decoupled from lifestyle changes and remains stable,
while water saving measures enhance the quality and availability of water for household
consumption. Sustainability becomes an important lifestyle component. This is also visible
in the tourism sector, where the number of tourists grows only slightly but the share of
sustainable tourism increases. More environmentally aware tourists visit the region and the
solar power plant NOORo. Additionally, water saving measures are also implemented in
the conventional hotel industry. Policies, programs and awareness campaigns accompany
and support the transition to drip irrigation, the cultivation of less water-intensive crops,
water re-use, and water saving measures in all sectors.
Table A1. Scenario characteristics.






expansion of cultivated area
Irrigated area is extended until
water scarcity limits the
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Choice of crop types




Increase of cash crop farming for
export (watermelons, vegetables,
fruit) until water resources
are exhausted
Water productivity increases
Shift to crops that use less water
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Groundwater use limited to
sustainable levels
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Table A1. Cont.
S1—Business as Usual S2—Economic Growth First S3—Growing Sustainability
Irrigation efficiency Irrigation efficiencyremains constant
Irrigation efficiency increases
(extension of drip irrigation)
Drip irrigation is significantly






livelihood security levels in
the absence of alternative
income generating activities
Livestock farming decreases with
more farmers earning their
income from cash crops




provide fertilizer in form of manure,
weed control, and security to
small-scale farmers
Numbers of animals is limited to a
sustainable level (e.g., fodder
production is limited to a certain
share of biomass production)
Water quality Already low water qualitylevels continue to deteriorate
High groundwater use leads to
declining groundwater levels,
which contributes to increased
salinity of:
Irrigation water, which adversely
affects agriculture (decreased
yields, higher irrigation water
demand to leach salts past the
plant root zone)
Drinking water, further reducing
its (already low) quality
Water quality slowly improves, as
salinity levels decrease due to
reduced groundwater use
and evaporation
Wastewater treatment in the urban
centers is maximized




Migration from the region
continues due to lack of
employment and economic
opportunities in the region
Urban areas: continue to grow
Oases: population decline
Migration from the region is
reduced due to employment and
economic opportunities
in the region
Urban areas: continue to grow
Oases: steady growth
at lower level
Migration from the region is
reduced due to employment and
economic opportunities
in the region
Urban areas: continue to grow
Oases: steady growth at lower level
Lifestyle
developments
No significant change in
people’s lifestyles and
associated water demand
Cultivation of cash crops leads to
an increase in farm incomes and
multiplier effects for the
service sector
Higher incomes lead to lifestyle
changes which increases water
consumption per capita
Water consumption is decoupled
from lifestyle changes and
remains stable
Water saving measures enhance






Very limited change in the
number of tourists
Water use per tourist
remains high
Number of tourists in the urban
centres and oases increases
significantly, reaching
former heights
Water use per tourist remains high
Tourist numbers increase slightly
Share of sustainable tourism
increases, more
environmental-sensitive tourists
come to the region to visit the solar
power plant NOORo
Higher expenditure per tourist
Water saving measures are also
implemented in the conventional
hotel industry
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programs exist but are not
accessible by the majority due
to lack of funding, land right
questions, and lack of
technical know-how
Supportive policies and programs
for cash crop production and
tourism development
Policies, programs, and awareness
campaigns to support transition to
drip irrigation, cultivation of less
water-intensive crops, water re-use,
and water saving measures in all
sectors
Appendix B. WEAP Model Parameters
The WEAP model consists of eight demand sites: Ouarzazate city, the solar complex
NOORo, and six oases: Mezguita, Tinzouline, Ternata, Fezouata, Ktaoua, and Mhamid
El Ghizlane. These oases are rural husbandry and agricultural sites and there are seven
defined crop types in each oasis that require irrigation water. The model includes the
following water supply sites: Tiouine dam, Mansour Eddhabi dam, and six aquifers.
The primary irrigation source is the Mansour Eddhabi dam. Drinking water for households
in Ouarzazate comes from the Mansour Eddhabi and Tiouine dam, whereas the oases are
supplied by groundwater. Table A2 gives an overview of the relevant model parameters.
Table A2. Model parameters.
S1—Business as Usual S2—Economic Growth First S3—Growing Sustainability
Agricultural development
Cultivated area Cultivated area:remains the same Cultivated area: 2% increase
Cultivated area:
remains the same
Share of crop types
wheat: 55% wheat: 30% wheat: 60%
barley: 8% barley: 5% barley: 10%
alfalfa: 14% alfalfa: 9% alfalfa: 10%
henna: 1% henna: 1% henna: 1%
vegetables: 1% vegetables: 10% vegetables: 10%
melons: 5% melons: 20% melons: 2%
dates: 16% dates: 25% dates: 7%










Demographic and social development
Population development
(oases/towns)
Urban areas: 2.25% increase
Rural areas: 0.45% decrease
Urban areas: 3% increase
Rural areas: 1% increase
Urban areas: 3% increase
Rural areas: 1% increase
Water use (oases/towns) Urban areas: 18.2 m
3/head
Rural areas: 7.3 m3/head
Urban areas: 25.5 m3/head
Rural areas: 11 m3/head
Urban areas: 18.2 m3/head
Rural areas: 11 m3/head
Reservoirs
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Climate data
Daily climate data from 1980–2018 for Zagora has been taken from NASA’s Merra 2
Re-Analysis [52] (GMAO, 2019). All scenarios are based on the climate change scenario RCP
8.5. Compared to the base year 2010, the assumption is that the temperature will increase
by 0.9 ◦C and precipitation will decrease by 8% by 2030 [53] (Christensen et al., 2013).
The data for long-term mean precipitation were calculated for 2030 and then interpolated
using WEAP. By applying the Water-Year-Method embedded in WEAP software [54]
(Sieber, 2015), a statistical analysis of precipitation data was carried out to identify the
sequence of dry and wet years.
Hydrologic Parameterization
The baseline is historical data from 1984–2011 on river discharge, groundwater re-
sources, reservoir inflow, reservoir evaporation, reservoir volume, and dam capacity [55,56].
It is assumed that the discharge will be reduced by 10% by 2030 as a consequence of climate
change [57]. The reference evapotranspiration (ETo) has been taken from FAO’s Wapor [58].
By using the Blaney-Criddle-Method [59], the future increase in evapotranspiration (ETo)
was set at 3% in 2030 compared to the base year.
Households
Data on population development is shown in Table A2. The future population has
been extrapolated in a linear manner. Households have top priority in terms of the water
supply.
Agricultural Area and Irrigation Requirements
Seven crops are defined for each oasis: wheat, barley, alfalfa, henna, vegetables,
melons, and dates [51]. By identifying the crop factor and crop stages, the monthly water
demand for each oasis is determined. The agricultural size and crop parameters are
summarized in Table A2. Transmission links are set from the river Wadi Drâa to the oases
and from the groundwater nodes to the households in the oases. Flow requirements reflect
the order in which the oases receive irrigation water. Mhamid El Ghizlane as the last
oasis has top priority; Mezguita as the first oasis has last priority. Agricultural nodes have
second priority in terms of the water supply.
Energy Production
NOORo is linked to the Mansour Eddhabi dam that supplies the power plant an-
nually with 3780 m3/MW [60,61]. Energy production has third priority in terms of the
water supply.
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